In order to study the effects of DNA structure on cellular processes such as transcription, we have made a series of plasmids that locate several different kinds of DNA structure (stiff, flexible or curved) near the sites of cleavage by commonly-used restriction enzymes. One can use these plasmids to place any DNA region of interest (e.g., promoter, operator or enhancer) close to certain kinds of DNA structure that may influence its ability to work in a living cell. In the present example, we have placed a promoter from T7 virus next to the special DNA structures; the T7 promoter is then linked to a gene for a marker protein (chloramphenicol acetyl transferase). When plasmids bearing the T7 promoter are grown in cells of E. coli that contain T7 RNA polymerase, the special DNA structures seem to have little or no influence over the activity of the T7 promoter, contrary to our expectations. Yet when the same plasmids are grown in cells of E. coli that do not contain T7 RNA polymerase, some of the DNA structures show a surprising promoter activity of their own. In particular, the favourable flexibility or curvature of DNA, in the close vicinity of potential -35 and -10 promoter regions, seems to be a significant factor in determining where E. coli RNA polymerase starts RNA chains. We show directly, in one example, that loss of curvature between -35 and -10 regions is associated with a nearly-complete loss of promoter activity. These results, and others of their land, show that the structural and/or vibrational properties of DNA play a much more important role in determining E. coli promoter activity than has previously been supposed.
INTRODUCTION
Although we have learned a great deal about the structure of DNA in the past 10 years, we still do not know very much about its biological function. Even the most rudimentary knowledge about its physical structure was hard-gained. For example, it was not clear until 1981 that the three-dimensional structure of normal, right-handed DNA depends upon its base sequence. At that time, detailed studies of the structure of a short DNA molecule of sequence d(CGCGAATTCGCG), in the crystal and in solution, revealed that the helical structure does indeed depend on the base sequence (1, 2) . Since that time, further studies of DNA in the crystal (3) (4) (5) (6) and in solution (7) (8) (9) (10) (11) (12) (13) have explored in great detail how the three-dimensional structure of DNA is influenced by its base sequence.
Two of the most important findings have been that some DNA molecules of defined sequence are stiff, while otheis are curved. The stiff sequences are of the kind oligo (dA).(dT), while the curved sequences are generally of the kind d(GGCCNAAAAN) n . where N is any nucleotide and the subscript n indicates that several repeats of this sequence are necessary to obtain a substantial curve. The first indication that oligo (dA).(dT) sequences might be stiff came from studies of the nucleosome core of chromatin, in which it was found that poly (dA).(dT) would not fold sharply about the histone proteins to form a nucleosome core (14, 15) . Later studies of a representative sample of chicken nucleosome core DNA showed that tracts of oligo (dA).(dT) longer than 5 nucleotides tend to be found near either end of the nucleosome core, where the DNA is not very curved (16) . A recent examination of the sequence d(CGCAAAAAAGCG) in a crystal revealed a set of bridging hydrogen bonds between adjoining A/T base pairs that, in combination with bridging water molecules (17) , may be responsible for the apparent stiffness of segments of oligo (dA).(dT) (6) .
The evidence concerning curved DNA has come mainly from two sources: studies of the wrapping of DNA about proteins, and studies on the motion of DNA through gels. The analysis of sequences of nucleosome core DNA, cited above (16) , provided precise data concerning the positional preferences within a curve of all possible dinucleotide and trinucleotide combinations; that is, whether a particular dinucleotide prefers to lie with its minor-groove edges along the inside or the outside of a curve. These data were used by Calladine and Drew (18) and Drew and Calladine (19) to construct algorithms that predict how easily any given DNA molecule of defined sequence will form a sharp curve, and what kind of curve is favoured. To a first approximation, the trinucleotide GGC/GCC prefers to locate its minor-groove edges along the outside of a curve, while the trinucleotide AAA/TTT prefers to locate its minor-groove edges along the inside. Studies of the curvature of DNA about other proteins, for example 434 repressor (20) , CAP protein (21) , DNA gyrase (22) , O protein (23) and cer recombinase (24) , have shown that the principles of DNA flexure deduced from studies of the nucleosome core account for the flexure of DNA in all of these other cases as welL Studies on the motion of DNA through gels do not measure DNA flexure per se, but rather the intrinsic curvature of stress-free DNA; yet these studies have also led to theories of DNA structure that are generally consistent with our knowledge of DNA in the crystal and on the nucleosome (25, 26) .
Several experiments point to a role for the structure of DNA in determining, over a large scale, how tightly any given protein binds to its preferred base sequence in a living cell. For example, studies of gene function in yeast have shown that the placement of long tracts of oligo (dA).(dT) upstream from various genes, by several hundred base pairs, can increase the amount of RNA made by an order of magnitude (27, 28) . A similar effect is observed whether the RNA is made by the normal yeast polymerase or else by the polymerase from a bacterial virus which is foreign to the cell (29) . In another example, the placement of curved DNA upstream from various promoters in E. coli has also been shown to increase the amount of RNA made by an order of magnitude (30-34a) . In this case, it is not known whether the upstream DNA interacts directly with E. coli RNA polymerase, or perhaps indirecdy through structures that are formed in combination with E. coli histone-like proteins (35) . Figure 1 . How flanking DNA sequences might influence indirectly the ability of a protein to bind at its preferred DNA sequence in a chromosome. The protein binding-site in this Figure is arbitrarily given two sides, "a" and "b". In the drawing on the left, the protein binding-site is flanked by DNA sequences that curve 90° to the left, in the direction of side "a". When this DNA molecule folds into a series of tight coils about the chromosomal histone proteins, then the curve tends to place side "b" on the outside and side "a" on the inside of the folded structure. At centre, the protein binding-site is flanked by sequences that curve 90° to the right, in the direction of side "b". When this DNA folds into a series of tight coils, now side "b" will lie on the inside and side "a" on the outside of the structure. On the right, the protein binding-site is flanked by sequences that are stiffer than nonnaL The stiff segment and its associated protein binding-site cannot easily fold into a tight coil, leaving both side "a" and side "b" fully exposed. Other geometries are also possible, especially if the protein bindingsite is itself curved.
In general, there are two ways by which the structure of double-helical DNA can influence how well any given protein binds to its preferred nucleotide sequence in a cell. These are: (i) a direct influence of DNA structure on protein binding that involves, for example, the curvature of DNA about a protein; or (ii) an indirect influence, whereby the structures that are formed between DNA and the histone proteins control the access of another kind of protein, such as a polymcrase, to its preferred binding-site on DNA. Examples of the first kind of mechanism abound, and some are cited above. Examples of the second kind of mechanism are less well known, but may follow the principles illustrated in Figure 1 . Suppose a protein binding-site on DNA has two sides, arbitrarily labelled as "a" and "b". How can one place special DNA sequences close to this site in order to influence the way in which the protein binding-site folds as part of a chromosome? In the left-hand part of Figure 1 , a curve to the left places side "b" on the outside and side "a" on the inside of a DNA supercoil. At centre, a curve to the right has the reverse effect, placing side "a" on the outside and side "b" on the inside. On the right, a stiff segment makes it hard for the DNA to fold at all, leaving both side "a" and side "b" exposed in a chromosome. If the protein binding-site is itself curved, then even a greater variety of structures becomes possible, since any curve within the protein binding-site may or may not lie in the same plane as curved sequences that are located nearby.
Clearly, a series of carefully designed experiments are necessary to make any progress in this field. We have therefore set up an entirely new experimental system that should make it possible for even a nonspecialist to do work on DNA structure; and we have tested the system in E. coli with interesting results.
MATERIALS AND METHODS
Synthesis of DNA Molecules. All 14 DNA molecules listed in Table 1 below were made on an Applied Biosystems DNA Synthesizer, and then purified from a gel as single strands. These purified single strands were treated with T4 polynucleotide kinase and ATP, annealed with their partner strands to form double helices, and purified again from a gel in double-helical form. The 7 different DNA double helices so obtained, all of length 52 bp, were then cloned into the BamH I, Hind in or Nar I sites of a plasmid containing the T7 promoter and a CAT gene (Figure 2 below).
Construction of Recombinant DNA Plasmids. Plasmid pT7CAT was cut with any one of three enzymes Bam H I, Hind HI, or Nar I, treated with alkaline phosphatase to remove 5'-phosphates, and then treated with the Klenow fragment of DNA polymerase plus all four deoxynucleotide triphosphates to fill protruding 5'-ends. Each of these linear DNA molecules was next incubated overnight at 4°C with the appropriate synthetic DNA duplex Table L Sequences of the synthetic DNA molecules used in this study
and T4 DNA ligase, and the resulting ligation mixture was used to transform cells of E. coli strain RR1 which had been made competent by the method of Hanahan (36) . About 100 ampicillin-resistant colonies were screened for each ligation mixture, both by hybridization methods and by digestion with restriction enzymes, to determine whether any of the recombinant DNA molecules contained a desired insert and, if so, in which orientation the insert lay with respect to the T7 promoter.
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T7 promoter pT7CAT Figure 2 . Plasmid pT7CAT is 5081 bp in length, and is a derivative of the commonly-used plasmid pUC 18. It was constructed from pUCl 8 as follows. First, a synthetic T7 promoter was inserted by ligation and cloning into the Bam HI site of pUC18. The orientation of the T7 promoter was chosen so that it recreates a Bam HI site upstream of the promoter, but not downstream. Next, a 2400 bp DNA molecule containing the gene for chloramphenicol acetyl transferase (CAT) was cut out of plasmid pSV2CAT (51) using the enzymes Hind HI and Eco Rl. Before cutting with Eco Rl, the Hind m site was treated with Klenow enzyme plus all four deoxynucleotide triphosphates to create a blunt end. Finally, the pUC18-T7 plasmid was cut with Sma I and Eco Rl, and the DNA molecule bearing the CAT gene was joined by ligation and cloning to create pT7CAT. The pT7CAT plasmid confers bacterial resistance to ampicillin at 100 ug/ml, and to chloramphenicol at 30 ug/ml (due to background E. coli transcription from unspecified promoters). In addition, pT7CAT contains a ColEi origin of replication between the displayed Eco Rl site and the gene for ampicillin resistance. It also contains a partially-effective terminator of T7 transcription in about the same location (52) . Two relevant restriction sites are not shown: one for Eco Rl within the CAT gene, and another for Bam HI between the CAT gene and the displayed Eco Rl site. A mutant T7 promoter, bearing a sequence "AATA" rather than 'TATA" near the start-site for RNA (41) , was constructed by cloning a fragment of pT7CAT containing the T7 promoter into plasmid M13mpl8; then by using a synthetic oligonucleotide to direct the desired mutation on a single-stranded form of this DNA; and finally by cloning the mutated double helix back into pT7CAT. Plasmids containing desired inserts were then purified from an agarose gel as monomeric supercoils, transformed into E. coli strain HB101 by the calcium chloride procedure, grown on large scale in the presence of 100-300 u^g/ml ampicillin, and isolated in supercoiled form by centrifugation on a cesium chloride density-gradient containing ethidium bromide. The sequences of all recombinant plasmids were confirmed directly, in the vicinity of both the synthetic DNA insert and the T7 promoter, by chemical sequencing methods. All selected plasmid DNA molecules do indeed contain a filled Bam HI or Hind in site adjoining the synthetic DNA on both ends, as was expected from treatment of this DNA prior to ligation with the Klenow enzyme plus deoxynucleotide triphosphatcs. In fact, all of the inserts at the Bam HI site recreate this restriction site, on one end or the other, after cloning. However, the two clones derived from ligation at the Nar I site contain a trimmed Nar I sequence adjoining the synthetic DNA on both ends. Presumably, the protruding 5'-ends of the Nar I site were trimmed by impurities in some enzymatic solution, perhaps during treatment with alkaline phosphatase. The sequence of the T7 promoter and its surrounding regions, beginning at the Bam HI site, is: 5'-GGATCCTAATACGACTCACTATAGGGAGATCCCCAGCTTGGCGAGATTTTCAGGA GCTAAGGAAGCTAAAATGGAG-3'. where the underlined bases mark the start of the coding region for CAT protein.
Growth of Plasmids in E. coli for Transcription Experiments. The many different plasmid DNA molecules listed in Table 2 below were grown for transcription experiments in the presence of 40 (ig/ml ampicillin in strain JM101 for cells of E. coli lacking T7 RNA polymerase, or at 20 |xg/ml ampicillin in strain BL21-DE3 for cells containing T7 RNA polymerase. In strain BL21-DE3, a single copy of the gene for T7 RNA polymerase is integrated into the E. coli chromosome on a defective virus (37).
The designations "Bam, Hind, Nar" for individual plasmids refer to the location of a synthetic DNA insert: whether it lies at the Bam H I, Hind HI or Nar I site of plasmid pT7CAT, as shown in Figure 2 . The second part of the plasmid name tells whether the insert consists of homopolymer (dA).(dT), alternating (dA-dT).(dA-dT), or curves A, B, C, D, E, as shown in Table 1 . The third part of the plasmid name describes the orientation of the DNA insert: whether it is oriented with respect to the T7 promoter as shown in Table 1 ("up"), or whether it lies in a reverse orientation ("down").
Measurements of CAT Activity and Amount of CAT Gene. Quantitative measurements of CAT activity and the amount of CAT gene were made from extracts of E. coli cells that had been grown to an absorbance at 550 nm of 0.5. Cells were concentrated 12-fold by centrifugation, then were disrupted by sonication for 5 x 5 seconds at 4°C. The sonicated suspension was centrifuged for 15 minutes at 4°C in order to remove unbroken cells and other cell debris. CAT activities were measured by the rate of transfer of a radioactive 14 C-acetyl group from acetyl-coenzyme A to chloramphenicol, and the bases within the coding region of the CAT gene. For these hybridization experiments, a small amount of each cell extract was treated overnight at 37°C in 0.3 M NaOH to hydrolyze all of the RNA, and then this alkaline extract was applied directly to a "Zeta-probe" positively-charged nylon membrane in a "dot-blot" apparatus. The DNA was fixed to the membrane by exposure for 20 seconds to ultraviolet light, and then the entire membrane was incubated at 55°C overnight with shaking in the presence of a large molar excess of radioactive oligonucleotide. The amounts of hybridization per sample lie well within the linear range of 0.1-10.0 ng of plasmid DNA, as determined by comparison with pure, sonicated pT7CAT standards. The amounts of CAT messenger RNA were estimated roughly in a similar fashion, by omitting treatment with NaOH and by loading fewer cells: there is a large molar excess of CAT RNA to DNA in cells of strain BL21-DE3. Measurements of 14 C and 32 P radioactivity were made by direct counting of electron emissions in a scintillation counter. CAT activities were confirmed qualitatively by the relative growth rates of cells on plates containing different concentrations of chloramphenicol. Similarly, amounts of CAT gene were confirmed qualitatively by applying the intact plasmid DNA from each cell culture to an agarose gel containing ethidium bromide.
The CAT activity per CAT gene, as listed in Table 2 , is the simple ratio of the two numbers on a relative scale, normalized to a value of 1.0 within each set of experiments for the activity of a native T7 promoter with no insert On an absolute scale, the level of CAT activity in the strain lacking T7 polymerase is roughly 10-20 times less than in the strain carrying T7 polymerase. Thus, numbers in the left-hand column of the Table may be divided by approximately 10-20 to be compared directly with those in the first right-hand column. Determination of Start-Sites of CAT RNA. Cells containing the desired plasmid were grown to an absorbance at 550 run of 0.5 in the presence of 40 (J.g/ml ampicillin and, in some cases, 30 fig/ml chloramphenicol; then cells were harvested and the total RNA isolated by lysis with SDS in the presence of diethylpyrocarbonate (DEPQ, in order to inhibit ribonucleases (38) . Approximately 50 (lg of each RNA preparation was then hybridized with a radioactive DNA oligomer that is complementary in sequence to 25 bases near the start of the coding region of the CAT gene. The DNA-RNA hybrids were extended using reverse transcriptase, in order to locate the various 5'-ends of CAT messenger RNA, and products of the reaction were visualized on an 8% polyacTylamide gel containing 7 M urea. Treating the RNA sample with DNAase I had no influence on products of reaction with reverse transcriptase. The sizes of the largest (and most abundant) products of the extension reaction were determined by comparison of their mobilities in the gel with those of a Hpa U digest of plasmid pBR322.
RESULTS
The Construction of Plasmids Useful for Studying the Role of DNA Structure in Biology
In order to examine the role of DNA structure in biology more rigorously than has been done before, we have synthesized a series of DNA molecules that place many interesting kinds of DNA structure in close proximity to several commonly-used sites for restriction-enzyme cleavage, that allow for the insertion of different sorts of DNA. Our strategy for construction of the special DNA molecules is explained in Figure 2 and in Materials and Methods. We first adapted the commonly-used plasmid pUC18 to carry a marker gene for the protein chloramphenicol acetyl transferase (CAT) under the control of a viral T7 promoter ( Figure 2) . Next, at various distances upstream from this T7 promoter, we inserted some or all of the short synthetic DNA molecules listed in Table 1 . The first molecule in the list contains a stretch of homopolymer (dA).(dT), interrupted in several places to ensure against mutation induced by slippage in the cell: it is expected to be relatively stiff. The second molecule in the list contains a stretch of alternating co-polymer (dA-dT).(dA-dT), interrupted in several places to avoid the formation of cruciforms (39) : it is expected to be relatively flexible. The last five molecules contain repeated sequences of the kind d(GGCCTAAAAT) at a period of 10.5 bases: all of these are expected to curve within a plane. A shift of two bases, in going from one curve to the next along the list, means that curve A will lie in a plane that is oriented at an arbitrary angle of 0° with respect to neighbouring DNA; curve B will lie in a plane oriented at 2 x 36° = 72°; curve C in a plane at 144°; curve D in a plane at 216°; and curve E in a plane at 288°. Thus, many of the possible angular orientations of a curve are represented in our list of molecules. If some special curvature is required for a protein to bind at a nearby sequence, then it seems likely that one of these five curves will provide the necessary curvature.
The many different plasmid DNA molecules, so constructed, can be adapted to a variety of systems for studying the role of DNA in biology. Our primary interests in making these molecules were twofold: first, to see whether the special DNA structures have any influence on the activity of a T7 promoter in cells of E. coli, or on the interaction of DNA with E. coli RNA polymerase; and second, to reconstitute nucleosomes on this DNA, in order to see whether the special DNA structures are able to influence the positions of nucleosomes, and thereby alter the activity of a T7 promoter in a cell-free system. Here we report on the first of these experiments, the results of which were somewhat unexpected.
In principle, the sequences shown in Table 1 might also possess different torsional flexibilities; and these torsional flexibilities could conceivably influence how well any given protein binds in the close vicinity of the inserted DNA. Careful studies have shown, however, that most sequences in double-helical DNA have the same, or a closely similar, torsional flexibility (39a,b). The one exception to this rule is alternating (dA-dT), which has a propensity to unwind, for example, in supercoiled plasmids (39) or at the -10 regions off. coli promoters (39c). We discuss below whether the flexibility of alternating (dA-dT) toward curvature, or toward twist, is responsible for its biological activity in certain instances.
Influence of Special DNA Structures on Transcription by E. coli RNA Polymerase
Plasmids containing the DNA sequences listed in Table 1 were grown in strains of E. coli that either lack or contain viral T7 RNA polymerase; and then the relative activities of promoters on these plasmids were measured in terms of the amount of CAT protein per CAT gene, or CAT messenger RNA per CAT gene. The results are listed in Table 2 .
Many of the plasmids containing unusual DNA structures provide for enhanced synthesis of the CAT protein by E. coli RNA polymerase, relative to a plasmid with no insert Results of this kind were obtained in several different strains of E. coli. The most comprehensive data came from studies using E. coli strain JM101, and are listed in the left-hand column of Table 2 . It seems that the "alt" or alternating (dA-dT).(dA-dT) insert, regardless of its location relative to the CAT gene, provides for a moderate level of CAT synthesis when present in the orientation specified as "down" in the Table. (The "up" orientation is that shown in Table 1 , while its reverse is "down".) For example, the insert of alternating (dA-dT).(dA-dT) at the Bam HI site lies close to the CAT gene, while the same insert at Hind HI lies additionally 30 bp upstream, and the same insert at Nar I lies 200 bp upstream; but all work equally well at producing CAT protein. In another case, one of the curves (B, "up") provides for a high level of CAT activity, at least 10 to 20 times that of background E. coli transcription. Indeed, levels of CAT activity from plasmids with any of curves A, B, C, D or E in the "up" orientation are all at least 2-fold higher than CAT activity from the plasmid with no insert; and they are 2-fold to 4-fold higher than from analogous plasmids in which the curves lie reversed in a "down" orientation.
These differences in CAT activity were confirmed by measuring the growth of bacteria on agar plates in the presence of varying amounts of chloramphenicol. Strains with any of curves A, C, D or E in the "up" orientation grow well to a concentration of 80-120 u,g/ml chloramphenicol on plates, as compared to only 30-40 |ig/ml for the strain with no insert Curve B, "up", grows well to at least 300 u.g/ml chloramphenicol on plates; while alternating (dA-dT).(dA-dT) in the "down" orientation grows well to at least 200 ^g/ml. All of these novel promoters, the alternating (dA-dT).(dA-dT) and the curves, are of interest because it is difficult to find within them any significant homology to the sequences of naturally-occurring E. coli promoters (40) .
Several mutant promoters were also synthesized and studied: these contain a sequence "AATA" rather than 'TATA" just before the start-site for making RNA by T7 polymerase (41) . They are of interest because the mutant T7 promoter works nearly normally when the DNA is negatively supercoiled, but very poorly when the DNA is relaxed; so they serve as an internal control for the amount of supercoiling in a cell that contains T7 polymerase. In the strain ofE. coli lacking T7 RNA polymerase, this particular mutation does not influence CAT activity (top of left-hand column, Table 2 ). Presumably, the promoters created by the inserted DNA sequences do not include the site of this mutation, or else are not sensitive to it. One of the mutant promoters, consisting of a triple insert of homopolymcr (dA). Table  2 , in the presence of T7 RNA polymerase. We tried initially to introduce the gene for T7 RNA polymerase into the cell on a plasmid, under the selection of an antibiotic different than that used for pT7CAT; but these efforts were unsuccessful, because the plasmid carrying the gene for T7 polymerase was maintained at a high level while the pT7CAT plasmid was lost from the cell Hence, we switched to strain BL21-DE3 of E. coli, that carries a single copy of the gene for T7 RNA polymerase on a defective virus within the chromosome (37); and we measured T7 promoter activities in this strain.
In strain BL21-DE3, the absolute level of transcription is much higher than before. Mean CAT protein activities in the presence of T7 RNA polymerase are 10 to 20 times larger than in its absence. Measurements of CAT messenger RNA are less accurate than those of CAT protein, but these are similarly much larger in the presence of T7 RNA polymerase than in its absence. (The numbers listed in Table 2 do not show this directly, since data within each column of Table 2 have been normalized to 1.0 for the activity of a native T7 promoter with no insert.) More importantly, it should be noted that all of the native T7 promoters show roughly the same level of activity, regardless of their proximity to special DNA sequences. None of the differences seen in Table 2 , in the first right-hand column for CAT protein activity, are larger than 2-fold among the collection of native promoters.
We can be sure that CAT protein levels are still a good measure of promoter activity, even at such relatively high rates of transcription, because we see in our experiments, among the 30 or so different samples, a 10-fold variation in the amount of CAT protein per cell that correlates linearly with a similar variation in the amount of DNA plasmid per cell. In other words, the amount of CAT protein remains linearly proportional to the amount of CAT gene over a 10-fold range, under the experimental conditions used here. Any difference in promoter activity would therefore be apparent.
Indeed, the mutant T7 promoters at the top of the Table show CAT protein activities in the first right-hand column that average about one-third to one-half of those shown by the native T7 promoters below. By comparison with studies of mutant and native promoters in vitro (41) , it seems that the behaviour of the T7 promoter in vivo is much like that of the same promoter on a supercoiled plasmid in vitro. The ratio of mutant-to-native promoter activities should be about 0.70 for DNA that is negatively supercoiled, or 0.02 for DNA that is relaxed. We observe in the bacterial cell a ratio of 0.30 to 0.50, meaning that the plasmid DNA in the cell, during T7 transcription, is similar in structure to plasmid DNA in vitro after isolation from the cell and removal of DNA-binding proteins. It could be that the level of T7 RNA polymerase in our cells is too high to reveal any subtle influence of nearby DNA structures on the activity of a T7 promoter. According to this idea, the frequent transcription of a gene by T7 RNA polymerase might not allow time for nearby DNA structures to associate with the histone proteins, and thereby to influence access of polymerase to the promoter. Another explanation for the lack of influence of nearby DNA structures in our experiment might be that the histone-like proteins of E. coli bind to DNA less tightly than do the histone proteins of higher organisms (35, 42, 43) . Thus, we might not observe in E. coli any of the "indirect" effects of DNA structure mentioned above, in the Introduction and in Figure 1 , that are mediated through the tight association of DNA with the histone proteins. These "indirect" effects have been observed clearly through transcription experiments on DNA molecules that have been reconstituted with histone octamer from the chicken (44); and they seem to influence the activities of certain genes in yeast (27) (28) (29) . It should also be noted that we have been unable to demonstrate any "direct" influence of flanking DNA sequences on T7 promoter activity in vitro, using either linear or supcrcoiled DNA. It seems possible that DNA curves for a short distance around T7 RNA polymerase, using AT-rich sequences 'TAATA" and "TATA" in the promoter, but we have no evidence on this point Start -Sites of CAT Messenger RNA in E. coli
Even though the special DNA structures do not seem to influence T7 promoter activity in E. coli, they still seem to influence the interaction of DNA with E. coli RNA polymerase. Two possibilities could be considered to explain the creation of new E. coli promoters when specific DNA sequences are placed upstream of a T7 promoter (a) these sequences act in concert with sequences from the T7 promoter to form a new binding-site for E. coli polymerase; or (b) the upstream sequences act as self-sufficient E. coli promoters in themselves, without relying on DNA in the T7 promoter or elsewhere.
In order to assess these possibilities, we isolated CAT messenger RNA from cells of E. coli in several cases where the special DNA structures confer high CAT activity, as compared to the plasmid DNA with no insert Then we hybridized this RNA to a short piece of DNA that is complementary in base sequence to part of the coding region of the CAT gene; and subsequently we treated the RNA-DNA hybrid with reverse transcriptase, in order to extend the length of DNA in the 3'-dircction and hence determine the 5'-ends of RNA chains. The results of this experiment are summarized in Figure 3 , along with the results of several control experiments. The gel from which these results were obtained is shown in Figure 4 . In each case, we interpret the largest and most abundant product of the DNA extension reaction as the 5'-end of the RNA chain. Many products of shorter length and lesser abundance appear in gel lanes b and d, where the main product of reaction is a very intense spot on the film; these minor products are presumed to be intermediates in extension of the DNA to its full size.
As a control (Figure 3a) , transcription from plasmid pT7CAT by pure T7 RNA polymerase yields the expected start-site for RNA: at the first two guanine bases following the sequence "TATA" in the 17 promoter (underlined). As a further control (Figure 3b) , transcription from the same plasmid in E. coli strain BL21-DE3, which contains T7 RNA polymerase, yields a very similar start-site: at the second of three guanine bases following the sequence "TATA".
Of perhaps more interest are the results shown in Figures 3c and 3d for CAT messenger RNA isolated from E. coli strain JM101, that contains only E. coli RNA polymerase. Within this strain, two of the special DNA inserts: curve B, "up", and alternating (dA.dT) .(dA-dT), "down", show unexpectedly high CAT activities. In each case, it is clear from inspection of Figures 3c and 3d that the major start-site for RNA lies well within the inserted DNA itself, and not downstream within the 77 promoter. Thus, the inserted DNA sequences act as promoters in themselves, and not in concert with DNA from the T7 promoter.
For example, in Figure 3 , the major start-site of the RNA made from curve B, "up", lies midway along the length of the inserted curve at the first two adenine bases of a sequence "TAAAAT" (Figure 3c) . A minor start-site is observed at another "TAAAAT sequence, 10 bases further upstream. On a long photographic exposure of the gel, two other minor startsites can be seen, 21 and 32 bases upstream from the major start-site shown in Figure 3c . Thus, sites of initiation of RNA are located periodically, once every helix turn, over at least 40 base pairs in the close vicinity of curved DNA in this promoter. This result cannot easily be explained in terms of conventional notions of E. coli promoter specificity. For example, at the major start-site, the sequence homology of the curved promoter to normal E. coli promoters is reasonable for the -10 region "TAAAAT", when compared to an ideal sequence 'TATAAT", but only poor for the -35 region "TAGCAA", when compared to an ideal sequence TTGACA" (40) . What factor, then, confers promoter activity on this piece of DNA? It seems striking that all of the intervening DNA between the -35 and -10 regions of the major start-site is composed of a nucleotide sequence that should be able to curve easily about a protein such as RNA polymerase, and indeed, part of the promoter DNA at each of the minor start-sites is composed of a nucleotide sequence that can curve easily about the polymerase.
If we turn now to Figure 3d , the major start-site for alternating (dA-dT).(dA-dT) can be seen at a pair of guanine bases near the right-hand end of the insert Once again, the homology of the -10 region to normal E. coli promoters is reasonable ('TATATA" versus 'TATAAT"), while the homology of the -35 region to normal promoters is poor ("ATGATA" versus "TTGACA"). In this example, all of the intervening DNA between the -35 and -10 regions is composed of the flexible alternating (dA-dT) sequence, that should also be able to curve easily about the polymerase. This result is for an insert of alternating (dA-dT).(dA-dT) at the Bam HI site of plasmid pT7CAT. Other inserts of alternating (dA-dT) in the same orientation, for example at the Hind III site of pT7CAT, show similarly high CAT activities; and indeed the start-site of RNA for the Hind IE insert lies at the same two guanine bases within the insert as shown in Figure 3d . Rasmids lacking a CAT gene, or else the pT7CAT plasmid bearing a CAT gene but no special DNA structure, provide very little CAT activity and do not yield a measurable start-site for RNA in this experiment (data not shown).
Structural properties of alternating (dA-dT) other than its easy curvature, for example the ease of unwinding at alternating (dA-dT) (39a,b,c), would not seem to be primarily responsible for the observed promoter activity, except in so far as the torsional flexibility of alternating (dA-dT) facilitates unwinding of DNA in the -10 region. Clearly, the promoter activity has a well-defined start-site outside of the alternating (dA-dT) region itself, and requires detectable -35 and -10 homologies at a spacing of 17 nucleotides as found in normal E. coli promoters. Furthermore, promoter activity from the alternating (dA-dT) insert in the opposite or "up" orientation is much less than from the "down" orientation shown in Figure 3 ; in fact, one cannot find a reasonable -35 homology going in the other direction.
One might take it for granted that curved or flexible DNA should work better as a promoter in E. coli than other DNA, because it is thought that DNA wraps into a large curve around E. coli RNA polymerase (8, 10, 45, 46) . Hence, it is hardly surprising that curve B, "up" and the alternating (dA-dT) insert work well as promoters in E. coli, despite their poor resemblances to the sequences of many E. coli promoters that are not curved; yet these are some of the few experimental observations to show that DNA curvature is important to E. coli promoter activity. Among all of the curves studied, curve B, "up" acts more efficiently as a promoter than any of the others. The reason for this is not entirely clear, but it may be due to a fortuitous combination of weak sequence homology to normal E. coli promoters in the -35 and -10 regions of the major start-site, along with a high degree of DNA curvature. Table 3 are the three most significant sequence homologies to ordinary, noncurved E. coli promoters that can be found within any of curves A, B, C, D, E, "up". Of the three sequences listed, two from curve B and one from curve D, none shows more than a 3- Table 3 . Sequence homologies to E. coli promoters in curves A, B, C, D, E, "up" Sequence curve B curve B curveD "ideal "   -35 region  Spacer  -10 region  Promoter activity   TAGCAAAEGGCXTrAAAAIGGCCC TAAAAT  high  TAGAGG ATCGCTAGCAAAIGGCC TAAAAT  low  TCGCTA GCGGCCTAAAATGGCCC TAAAAT  low  TTGACA  TATAAT out-of-six match in the -35 region to the "ideal" homology "TTGACA" given at the bottom of the Table, and all are identical in the -10 region. Hence the first sequence is not noticeably more homologous to the "ideal" promoter than are the others, yet the first sequence works much better than the others as a promoter in living cells. It is also the most curved, having an intrinsic curvature of 27°, versus 17° and 20° for the other sequences listed (26) . Thus, at least two factors: (i) sequence homology in the -35 and -10 regions, and (ii) overall DNA curvature, apparently determine E. coli promoter activity in the examples shown here.
Listed in
Summary of Results on Transcription by E. coli RNA Polymerase
It seems clear from our results that certain weak homologies to normal E. coli promoters, when superimposed on certain kinds of DNA structure, can make unexpectedly large amounts of RNA. In Table 4 we have summarized many of our findings about this phenomenon. The first two sequences in the Table lie within a DNA curve, or else within a flexible (dA-dT).(dA-dT) sequence, and they work well as promoters despite the poor resemblance of their -35 regions to those of normal E. coli promoters. The next two Table lie on the edge of a curve, and they show low but measurable promoter activity. None of the sequences listed in the lower part of the Table seem to work at all. These non-functional sequences come from various of the plasmids listed in Table 2 as having low CAT activity. They are weakly homologous to normal E. coli promoters in the -35 and -10 regions, but they do not include any favourable DNA structures. Some of them include homopolymer (dA).(dT), which is stiff; others include no special DNA structure; while still others include a curve in the "down" orientation.
One may ask why the potential promoters in the "down" orientation of the curve do not function: a likely reason is that the curve is oriented in the wrong direction for the polymerase protein to bind. In the case of curve B, "up" (top of the Table) , and also for certain strong E. coli promoters such as tyrT, the minor groove of DNA at the centre of the -10 region lies approximately along the inside of a DNA curve (10) . However, for both of the "down" curves shown in the Table, the minor groove at the centre of the -10 region lies along the outside of a curve, as closely as this can be defined by their respective base sequences (curve A, and curve B in combination with the T7 promoter). Indeed, none of the "down" curves have -10 homologies in the correct place, relative to the sense of the curve, because the AT-rich runs in these curves are of sequence "ATTTTA" rather than 'TAAAAT".
Finally, one should recall that all of curves A, C, D, E, "up", show higher CAT activities than that of the native plasmid (Table 2 above, left-hand column). Presumably, all of the "up" curves use their "TAAAAT" sequences as -10 homologies, as in the cases shown above in Figure 3c ; yet another sequence 'TAAAAT" outside of a curve in the same plasmid makes no RNA, as measured by primer extension (lower part of Table 4 ). In summary, these data suggest that there is a strong influence of the flexibility and/or curvature of surrounding DNA on the ability of weak sequence homologies to function as promoters for E. coli polymerase.
A Direct Test of the Influence of DNA Curvature on E. coli Promoter Activity
In order to provide additional evidence that DNA curvature and/or flexibility is responsible in part for the activities of E. coli promoters, we made another DNA molecule that is a variant of the strong promoter curve B, "up" described above. The sequence of this modified DNA molecule is shown in Table 5 . Called "mutant 1", it differs from curve B "up" by five base changes in the spacer between -35 and -10 regions. The changes are all of the land G-to-A or A-to-G (marked by underlined bases), and they serve to remove specifically the contribution to curvature made by the trinucleotides AAAHTT, AAT/ATT, and GGC/GCC, that have been implicated in the curvature of DNA about the histone octamer and other proteins (16) .
Measurements of promoter activity were made from curve B, "up" and from two independent clones of mutant 1, "up" in two different strains of E. coli, RR1 and JM101. In Table 5 . A less-curved variant of curve B, "up" and its promoter activity each strain, it was found that curve B, "up" shows high promoter activity, whereas mutant 1, "up" shows only very low promoter activity close to that of the background present in pT7CAT (Table 5 , right-hand column). Quantitative measurements of CAT activity (not listed in the Table) show that the overall promoter activity of mutant 1, "up" is reduced 4 to 5-fold from that of curve B, "up", to within a factor of 3 of the background present in pT7CAT. Also, a weak start-site for RNA is detectable for mutant 1, "up" in exactly the same location as the major start-site for curve B, "up" (Figure 3c above) ; and the amount of RNA produced at this start-site is 5 to 10 times less for mutant 1, "up" than for curve B, "up". Thus, five base changes in going from curve B, "up" to mutant 1, "up" are sufficient to eliminate most of the activity of this particular E. coli promoter. It seems possible that one might make a promoter with partial activity by changing fewer than five bases, but we expect that no change of a single base in the region shown will eliminate promoter activity entirely, in so far as it is due to DNA curvature and flexibility.
DISCUSSION
Here we have made a series of recombinant plasmids that are designed to be useful for studying the role of DNA structure in biology. All of them incorporate some interesting feature of DNA structure, such as a curve, stiff region or flexible region, next to cutting sites for commonly-used restriction enzymes. As an example to show how these plasmids might be used, we have placed many different DNA structures close to a promoter for viral T7 RNA polymerase, and have measured transcription from the T7 promoter in cells of E. coli. Previous results had shown that certain DNA structures, typically runs of homopolymer (dA).(dT), could increase the activity of a T7 promoter in cells of yeast that contain T7 polymerase (29) . However, we find that the activity of the T7 promoter in cells of E. coli that contain T7 polymerase remains unaffected by nearby DNA sequences with unusual structures. We attribute the difference between our results and those from yeast to the hypothesis that such effects are mediated indirectly through structures formed between the histone proteins and DNA; and to the corollary that the histone-like proteins of E. coli bind to DNA much less tightly than do the histone proteins of yeast, and hence they have less influence on promoter activity.
An unexpected result of our experiment is that some of the special DNA structures, such as alternating (dA-dT).(dA-dT) and certain of the curves, show promoter activity in the presence of E. coli RNA polymerasc even though they do not resemble very much the usual E. coli promoters in terms of their base sequences. We explain these results by the need for DNA flexibility and/or curvature in the binding of DNA to E. coli RNA polymerase. In particular, the best promoters seem to be those for which the minor groove at the centre of the -10 region ("TAAAAT" in our experiments) lies approximately along the inside of a curve. Also, the curvature of DNA between -35 and -10 regions seems to correlate significantly with promoter activity. In one case, we have shown directly that loss of curvature in the DNA between -35 and -10 regions is associated with nearly-complete loss of promoter activity.
Upstream from the major start-site for RNA in the strongest promoter of our series, there are a number of minor start-sites located periodically at one, two and three rums of DNA helix away from the major start-site, which is itself imbedded in a curve. Such a result suggests that the structural and/or vibrational properties of DNA play a major role in determining E. coli promoter activity, since the nucleotide sequence of the DNA is different in all four cases. The curved structure of a promoter DNA will enhance the binding of E. coli RNA polymerase to the promoter, when the curve is oriented correctly relative to potential -10 and -35 regions; and it may also facilitate unwinding of the -10 region by thermal motion, as the DNA vibrates back and forth in solution between twisted and curved forms.
Relation to Other Work
How do our results relate to other work on the flexure of DNA in protein-DNA complexes, and in E. coli transcription? Our results are in good accord with the studies of Satchwell et al. (16) on nucleosome core DNA, and their prediction that sequence preferences for curvature found in the nucleosome core would be relevant to other protein-DNA complexes, including those of E. coli RNA polymerase with its promoters. The possibility that promoter DNA might curve around E. coli RNA polymerase has been a strong one, ever since the observation by Lamond and Travers (30) that DNA sequences up to 100 bp from the start-site for RNA would contribute to the activities of certain promoters for transfer RNA and ribosomal RNA in E. coli. Indeed, Amouyal and Buc (45) have shown that DNA unwinds topologically by 1 to 2 turns upon binding to E. coli polymerase, even when the base pairs remain intact, as if the DNA were coiling about the protein into a left-handed superhelix. Also Heumann et al. (47) have observed that the gel mobility of a complex between E. coli RNA polymerase and DNA depends upon the location of the protein with respect to the ends of the DNA molecule. They interpret such effects as being due to curvature of DNA about the polymerase.
Auble et al. (48) have studied the influence of certain base substitutions between -35 and -10 homologies on the rate of transcription by E. coli RNA polymerase. Their data can be explained as follows: (a) alternating (dA-dT), (dC-dT) and (dG-dQ are flexible toward curvature, thereby enhancing rates of transcription; (b) homopolymer (dA).(dT) is stiff toward curvature, but in their experiments lies where the minor groove points in, so that it does not affect the rate of transcription; (c) homopolymer (dG).(dC) normally prefers to lie where the minor groove points out, but in their experiments lies where the minor groove points in , thereby reducing the rate of transcription. In another study, Lozinski et al. (49) have changed the structure of an E. coli promoter by making it curve in the wrong direction for optimal transcription, such that the minor groove points out, rather than in, at the centre of the -10 homology. Such incorrect curvature reduces the rate of transcription about 4-fold even when ideal -35 and -10 homologies are used.
Changes to the base sequence between -35 and -10 regions might also alter the torsional flexibility of DNA; but since DNA in a normal spacer region of 17 base pairs is not thought to be especially underwound or overwound when it is bound to the protein, it seems doubtful whether such variations can have a primary influence on the rate of transcription by E. coli RNA polymerase. In addition, this hypothesis cannot be reconciled with the known torsional flexibilities of different sequences in DNA, as determined by fluorescence depolarization (39a,b) or x-ray crystallography (4,6).
Deuschle et al. (49a) have studied a variety of E. coli promoters, and conclude that "optimal promoter function can be achieved by alternate structures and strongly suggest that information outside of the classical promoter region contributes to promoter activity". Their experiments are not closely designed to show the effects of promoter curvature, but still one can see strong and correctly-oriented preferences for DNA curvature in many of their promoters that work well, along with weak and incorrecdy-oriented preferences for curvature in their promoters that work poorly. We regard these studies as indirect but supporting evidence for our own work.
What is the relation among the roles of the -35 region, the -10 region, and DNA curvature or flexibility, in creating an E. coli promoter? In some instances, it seems that the favourable flexibility and/or curvature of DNA may compensate somewhat for a suboptimal spacing of 16 or 18 base pairs between the -35 and -10 regions (49b). Indeed, the sequence of the -35 region seems less important in promoters that are strongly curved, such as curve B, "up" described above. Furthermore, it has been found that placing curved DNA 40 to 80 bp upstream of the start-site of the gal promoter in E. coli can restore promoter activity to an isolated -10 region, despite deletion of the -35 region and deletion of an upstream bindingsite for cAMP-binding protein (50) . These results are related to ours, since we see promoter activity for a weak -10 region "TAAAAT" in the absence of any substantial -35 homology when the -10 region is part of a DNA curve.
In addition, both we and Bracco et al. (50) observe that the best promoters are those for which the minor groove at the centre of the -10 region lies along the inside of a curve. Finally, Travers (46) has analyzed the sequences of 200 naturally-occurring promoters from E. coli, and he observes a clear tendency for the minor groove at the center of the -10 region to lie along the inside of a curve.
SUMMARY
A new conceptual model comes out of these observations as follows: the overall curvature of promoter DNA, or its binding to the cAMP protein, or its binding to unknown proteins in the -35 region, can locate the -10 region of a promoter with respect to the active site of E. coli RNA polymerase. It remains to be seen how the -10 region, once properly located, unwinds to start RNA synthesis.
Another use for these plasmids will be to see how T7 transcription is influenced by nearby DNA structures in the presence of histone proteins from higher organisms. Results to be presented elsewhere show that the special DNA structures exert a 100-fold influence on transcription in this instance (44) .
If we have been able to progress substantially in these studies, using sequencedependent variation in the structure of DNA to influence gene activity, it is because we have drawn on extensive practical and theoretical knowledge of DNA to make a set of plasmids (Tables 1 and 2 above) that are extremely useful for such studies, and can be readily adapted to a variety of purposes. We hope that other workers will find these plasmids equally useful.
